Chiral organoboronates are valuable reagents in asymmetric synthesis due to the versatility with which the C--B bond can be utilized via a myriad of diverse stereospecific transformations.^[@ref1]^ The direct introduction of boron via the catalytic asymmetric hydroboration (CAHB) of alkenes,^[@ref2]^ particularly of vinylarenes,^[@ref3]^ has received much recent interest.^[@ref4],[@ref5]^ We focus on accessing functionalized, chiral boronic esters via rhodium-catalyzed, directed CAHB of β,γ-unsaturated substrates.^[@ref6]^ For example, the oxime-directed CAHB of trisubstituted alkene (*E*)-**1** affords the novel chiral, tertiary boronic ester (*R*)-**2** (84%, 95:5 er; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@cit6a]^ The TADDOL-derived chiral cyclic monophosphite ligand (*R,R*)-**T1** is used to control the π-facial selectivity.

![Chiral tertiary boronic esters via phosphonate-directed CAHB (nbd = norbornadiene; cod = cyclooctadiene).](ja-2017-02324h_0001){#fig1}

Encouraged by the success of oxime-directed CAHB, we turned our attention to exploring the potential effectiveness of phosphonate functionality as a directing group. Recently, phosphonates have been elegantly used to enable novel modes of C--H activation.^[@ref7]^ However, the overall effectiveness of phosphonates as directing groups in asymmetric catalysis remains largely unexplored. We now report that phosphonate (*E*)-**3a** undergoes efficient borylation to yield the chiral tertiary boronic ester **4a** in excellent yield (82%) and with high levels of enantioinduction (99:1 er). While commercial Rh(nbd)~2~BF~4~ is a suitable catalyst precursor, a catalyst generated *in situ* from \[Rh(cod)Cl\]~2~ and AgBF~4~, in combination with the TADDOL-derived chiral monophosphite **T2**,^[@ref8]^ is more economical and efficiently catalyzes hydroboration with pinacolborane (pinBH). We often find that the nature of the directing group strikingly influences the regio- and stereoselectivity of the CAHB.^[@ref6]^ In the present case, however, the observed β-regiochemistry and π-facial selectivity for CAHB of (*E*)-**3a** match those of oxime-directed borylation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

Chiral phosphonates, particularly hydroxy- and aminophosphonates are bioisosteres of the corresponding amino acids and key structural elements of antibiotics, antiviral, and anticancer drugs.^[@ref9]^ However, the toolbox for introducing chirality via the functionalization of phosphonates is largely limited to catalytic asymmetric hydrogenation.^[@ref10],[@ref11]^ Chiral, borylated phosphonates can enable new possibilities as chiral synthons. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} illustrates stereospecific transformations we have investigated for tertiary boronic ester **4a**, including its conversion to chiral β- and γ-hydroxyphosphonates and aminophosphonates and to phosphonates bearing a quaternary all-carbon stereocenter. All-carbon quaternary stereocenters are a common structural motif in bioactive natural products and pharmaceutical drugs.^[@ref12]^

![Utility of phosphonate functionalized tertiary boronic esters is illustrated by selected transformations of **4a**. Reagents and conditions: (a) NaBO~3~·4H~2~O; (b) (i) *n*BuLi, furan, −78 °C, THF; (ii) NBS; (iii) aq. Na~2~S~2~O~3~; (c) (i) CH~2~=CHMgBr, THF; (ii) I~2~, MeOH (iii) MeONa, MeOH; (d) (i) O~3~, CH~2~Cl~2~, 0 °C; (ii) Et~3~N, rt (e) Et~3~SiH, \[Ru(*p*-cymene)Cl~2~\]~2~, toluene, 50 °C; (f) (i) O~3~, CH~2~Cl~2~, 0 °C; (ii) Et~3~N; (iii) NaH~2~PO~4~, NaClO~2~, 2-methyl-2-butene, *t-*BuOH, rt; (g) (i) DPPA, toluene reflux; (ii) EtOH; (h) (i) (*R*)-(+)-α-methylbenzylamine, AcOH, NaCNBH~3~; (ii) (CF~3~CO)~2~O, Et~3~N, THF, rt.](ja-2017-02324h_0002){#fig2}

The reaction of (*E*)-**3a** has been carried out on gram scale using a 0.5 mol % catalyst loading and only a slight excess of pinBH (1.1 equiv). Oxidation of **4a** by NaBO~3~ yields the chiral, tertiary β-hydroxyphosphonate **5a** (95%, 99:1 er). Cross-couplings of **4a** under conditions reported by Aggarwal et al. are facile and afford the furan derivative **7a** (71%)^[@cit1e]^ and the vinylated derivative **8a** (93%).^[@ref13]^ Attempts to convert **4a** directly to latent aldehyde or carboxylic acid moieties using the typical conditions employed for boronic esters^[@ref13]^ were not successful, perhaps due to the all-alkyl substitution pattern of the tertiary boronic ester in **4a**. However, ozonolysis of **8a** followed by a mild reductive workup^[@ref14]^ yields the chiral phosphonoaldehyde **9a** (86%). Ruthenium-catalyzed reductive silylation^[@ref15]^ affords the silyl protected chiral γ-hydroxyphosphonate **6a** (72%). Reductive amination^[@ref16]^ of **9a** with (*R*)-(+)-α-methylbenzylamine yields **12a** (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02324/suppl_file/ja7b02324_si_001.pdf) (SI)) which followed by acylation affords the chiral γ-aminophosphonate **13a** (76% overall, 98:2 dr). Our attempts to convert **4a** directly to the chiral, tertiary β-aminophosphonate^[@ref10]^ using several commonly employed methods^[@ref17]^ were unsuccessful. However, ozonolysis of **8a** followed by Pinnick oxidation^[@cit3b]^ affords the chiral carboxylic acid **10a** (80%). Its conversion to the chiral β-aminophosphonate **11a** (76%, 98:2 er) via Curtius rearrangement proceeded smoothly under standard conditions.^[@ref18]^

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} summarizes results obtained for a series of trisubstituted alkenes differing in the nature of alkyl chain at the position labeled *R*^*E*^. Substrates similar to **3a** bearing substituted aromatics and heteroaromatics (i.e., **3b**--**e**) undergo efficient β-borylation. For example, the trifluoromethylphenyl derivative **3b** affords **4b** (78%, \>99:1 er). The 4-chlorophenyl derivative **4c** (76%, 99:1 er) could in principle be used in subsequent cross-coupling chemistry, further highlighting the goal to prepare multifunctional synthons via CAHB. Substrates **3d** and **3e** demonstrate that simple heteroaromatic ring systems can be carried through the CAHB sequence; **4d** (77%, 98.5:1.5 er) and **4e** (71%, 97:3 er) are obtained in good yields and high enantioselectivities.

![Substrate scope. Note: er is determined either by chiral HPLC analysis of tertiary alcohol derivative **5** or cross-coupled derivative **7** or by NMR analysis of the amino derivative **13**.](ja-2017-02324h_0003){#fig3}

Substrates with saturated alkyl substituents (i.e., **3f** and **3g**) give **4f** (83%, 97:3 er) and **4g** (80%, 98:2 er), respectively. The structurally related chiral substrate **3h** undergoes highly diastereoselective CAHB (\>20:1 dr) with catalyst control; (*R*,*R*)-**T2** affords (*R*,*S*)-**4h** (83%), and (*S*,*S*)-**T2** affords (*S*,*S*)-**4h** (82%). β-Borylated products bearing a Boc-protected nitrogen substituent (**4i**) or hydroxy substituents, protected as the benzoate, benzyl ether, or benzyloxymethyl ether (i.e., **4j**--**l**), are obtained with high levels of asymmetric induction. The chiral acetal substrate **3m** undergoes efficient CAHB, again with good catalyst control over diastereoselectivity. Depending on the configuration of **T2**, either (*R,S*)*-***4m** or (*S,S*)*-***4m** is obtained in high yield (81--82%) and high diastereoselectivity, 97:3 dr and 98:2 dr, respectively. The one carbon shorter analogue **3n** affords (*R,S*)**-4n** (51%, 91:9 dr) using (*R,R*)**-T2** but forms a complex mixture using (*S,S*)**-T2**. Substrates related to **3n**, bearing a bulkier vinyl substituent such as in **3o** and **3p**, and substrates related to **3a**, in which the vinyl methyl substituent is replaced by bulkier substituents, tend to react more sluggishly and give more side products; for example, lower yields are obtained for **4o** (52%, 90:10 er) and **4p** (53%, 98:2 er). The alkene geometry plays an important role in the reaction. (*Z*)**-3a** yields (*R*)**-4a** (40%, 99:1 er) with high enantioselectivity but in much lower yield compared to (*E*)**-3a**.^[@ref19]^

In addition to their potential as pharmacophores for medicinal chemistry, phosphonates enable useful synthetic transformations. A formal total synthesis of the natural product (*S*)*-*(+)-bakuchiol^[@ref20],[@ref21]^ further illustrates the synthetic utility of these chiral phosphonate**-**functionalized, tertiary boronic esters ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). (*S*)-(+)-Bakuchiol possesses a remote alkene as well as a challenging skipped diene subunit in which the two alkene moieties are separated by a quaternary all-carbon stereocenter. We envisioned utilizing the chemistry of the boronic ester and the phosphonate in **4q** sequentially to form the skipped diene subunit.

![Formal total synthesis of (*S*)-(+)-bakuchiol. Reagents and conditions: (a) 0.25% \[Rh(cod)Cl\]~2~, 0.50% AgBF~4~, 0.50% (*S,S*)-**T2**, 1.1 equiv of pinBH, THF (*c* = 1M), rt, 12 h; (b) (i) CH~2~=CHMgBr, THF, −78 °C; (ii) I~2~, MeOH, -- 78 °C; (iii) NaOMe, MeOH; (iv) Na~2~S~2~O~3~ (*aq.*); (c) TBAF, H~2~O; (d) DMSO, Py·SO~3~, Hünig's base; (e) (CH~3~)~2~CH=PPh~3~; (f) Lawesson's reagent, toluene reflux; (g) *n*BuLi, 4-methoxy-benzaldehyde.](ja-2017-02324h_0004){#fig4}

CAHB of **3q** with (*S,S*)*-***T2** affords **4q** (80% on gram scale); the enantioselectivity (\>99:1 er) is determined after oxidation to tertiary alcohol **5q**. Cross**-**coupling of **4q** with vinyl magnesium bromide^[@ref13]^ to **14** (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02324/suppl_file/ja7b02324_si_001.pdf)) followed by deprotection of the silyl ether yields **15**. Oxidation to the aldehyde **16** (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02324/suppl_file/ja7b02324_si_001.pdf)) followed by Wittig olefination to **17** sets the stage for exploiting the phosphonate functionality to complete the synthesis. Direct phosphonate olefination is limited in scope since β-hydroxy phosphonates lacking electron withdrawing substituents on the α-carbon are not prone to eliminate without activation.^[@ref22]^ However, Corey^[@ref23]^ found that β-hydroxy thionophosphonates readily undergo elimination to form alkenes. Treating phosphonate **17** with Lawesson's reagent^[@ref24]^ affords thionophosphonate **18**. Deprotonation by *n*BuLi followed by the addition of 4**-**methoxy benzaldehyde smoothly yields (*S*)-(+)-bakuchiol methyl ether (**19**).^[@ref25]^ Conversion of **19** to the natural product was previously reported.^[@cit21a]^ Since either enantiomer of the chiral monophosphite **T2** is equally accessible, a sequence beginning with (*R,R*)-**T2** was carried out to give the enantiomeric (*R*)-(−)-bakuchiol methyl ether.^[@cit21c]^

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} summarizes data obtained probing three mechanistic aspects of phosphonate-directed CAHB. (i) The distance separating the phosphonate directing group and the alkene undergoing reaction is a key factor for efficient reaction. While (*E*)-**3a** reacts efficiently to yield the boronic ester **4a**, the one carbon homologue **20** is unreactive under the same conditions. We speculate that efficient chelation by the substrate is necessary for efficient catalysis. (ii) The ligand-to-metal ratio (i.e., **T2**:Rh) strongly influences the activity of the catalyst. Graph A ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) compares the yield of **4a** over time for catalysts prepared with a 1:1 **T2**:Rh ratio (blue line) and 2:1 **T2**:Rh ratio (red line). The catalyst formed using a 1:1 **T2**:Rh yields **4a** in about 80% yield after roughly an hour. The catalyst formed using a 2:1 **T2**:Rh ratio produces **4a** but in only 60% yield after roughly 4 h. While the reaction is much slower, the enantiomer ratio of **4a** (99:1 er) is unchanged by the change in **T2**:Rh ratio. (iii) Graph B ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) shows the linear dependence of percent ee of product **4a** on the enantiomeric purity of **T2**. The lack of a nonlinear effect^[@ref26]^ in this case is consistent with a 1:1 **T2**:Rh complex in the active catalyst.

![Key mechanistic considerations: Graph **A** compares the yield of **4a** over time for catalysts prepared using 1:1 (blue line) versus 2:1 (red line) **T2**:Rh ratios; Graph **B** plots percent ee of the product versus percent ee of the chiral catalyst.](ja-2017-02324h_0005){#fig5}

In conclusion, the successful use of phosphonate functionality as a directing group in Rh-catalyzed CAHB of trisubstituted alkenes leads to the formation of functionalized chiral, tertiary boronic esters, in high yield (up to 83%) and with high levels of enantioselectivity (up to 99:1 er, or greater). A simple TADDOL-derived ligand system efficiently controls the π-facial selectivity, and the reaction exhibits tolerance toward a range of functional groups. Stereospecific routes to generate quaternary all-carbon stereocenters are demonstrated, and the multifunctional utility of these novel molecules as chiral synthons is demonstrated in the synthesis of bakuchiol. Mechanistic experiments indicate that a 1:1 Rh-to-monophosphite complex is relevant to catalysis. Further studies are in progress.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.7b02324](http://pubs.acs.org/doi/abs/10.1021/jacs.7b02324).Experimental procedures and characterization data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02324/suppl_file/ja7b02324_si_001.pdf))NMR data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b02324/suppl_file/ja7b02324_si_002.pdf))
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